Energy used in buildings is responsible for more than 40% of energy consumption and GHG emissions of the EU and their share in cost efficient GHG mitigation potentials is estimated to be even higher. In spite of its huge savings potential up to 80% achievements are very slow in the building sector and much stronger political action seems to be needed. One important step in this direction has been the recast of the Energy Performance of Buildings Directive (EPBD) in autumn 2009. However, strong national implementation including powerful packages of flanking measures seem to be crucial to really make significant progress in this important field.
Introduction
Energy efficiency measures in the building sector provide enormous potentials to reduce CO 2 emissions in Europe. Energy used in buildings is responsible for more than 40 % of energy consumption and GHG emissions of the EU. The sectors share of the cost efficient GHG mitigation potentials seems to be even higher. This high amount of emissions could be reduced up to 80% by comparably simple measures, e.g. better insulation of the different components of the existing building stock, refurbished dwellings, as well as for new buildings 1 . One important step to instrument these has been the recast of the Energy Performance of Buildings Directive (EPBD) in autumn 2009. However, strong national implementation including powerful packages of flanking measures seem to be crucial to really make significant progress in this important field. This paper provides a description and results of a detailed bottom up model of the current and future residential building stock in the EU which comprises of the following elements:
• Comprehensive country by country database and model of the EU residential building stock, by construction period and building type, the average living area and building sizes;
• Static building simulation that simulates the thermal quality (insulation of all building components and the resulting useful energy demand of the building, according to the specific geometry of the building);
• Detailed representation of the energy quality and the costs of a range of technologies for refurbished and new buildings.
Based on this model different scenarios on the potentials for energy efficiency coupled with the refurbishment of existing and improvement of new buildings and are presented and interpreted with regards to specific policy options.
It has to be acknowledged that the model applied and presented here comprises a significant simplification of the complex characteristics of the dozens of millions EU residential buildings. However it is to our knowledge still the most detailed EU-wide and country specific building stock model 2 . In spite of the significant uncertainties resulting from the lack of precise statistical information about the characteristics of the EU building stock -which are larger, when benchmarking countries vs. each other and smaller when comparing the overall results for the EU or for regions in the EU -our simulations still reveal important results for policy makers on the EU and MS level and provides rough quantifications of the potentials, relevance and costs of different strategies toward an improvement of the building shell qualities of residential buildings in the EU.
The building stock model
In order to calculate energy saving potentials a country by country database is necessary to define the current national residential building stocks. Therefore, the construction periods and building types, the average living area of each country has to be taken into account as well as typical building sizes are defined.
Differentiated data about the age and distribution of the European building stock for each country is quite rare but necessary in order to define its physical characteristics and the breakdown of the building types and to evaluate the saving potentials. However, the building quality depends also on the extent of refurbishment and the point in time at which it has been or will be carried out. 3 and several other reports like EURIMA report 4 which analysed the European building stock. All in all, the data about construction periods between each country vary and therefore some inaccuracies may exist. Table 1 gives an overview about the building stock in the two main construction periods of the existing building stock and the share of single and multi family buildings.
Due to regional differences in each country it can be observed that some countries have almost the same amount of single and multi family buildings, e.g. Portugal, Spain, Austria, Romania, Slovakia, Bulgaria, Germany and a projected equal share in Croatia. In the Netherlands, Belgium, Luxemburg, Ireland, Norway and United Kingdom the amount of single family buildings is much higher, meanwhile the amount of multi family buildings in almost every new EU Member State is twice high or much higher than single family buildings. This is to be observed especially in the Baltic countries and in Poland. Austria  48  52  56  44  Italy  71  29  29  71   Belgium  79  21  70  30  Liechtenstein  43  57  56  44   Bulgaria  86  14  56  44  Lithuania  64  36  25  75   Croatia  47  53  56  44  Luxemburg  49  51  70  30   Cyprus  38  62  43  57  Latvia  64  36  25  75   Czech Republic  33  67  42  58  Malta  63  37  82  18   Germany  81  19  47  53  Netherlands  57  43  70  30   Denmark  72  28  59  41  Norway  65  35  76  24   Estonia  60  40  25  75  Poland  47  53  33  67   Greece  55  45  43  57  Portugal  43  57  50  50   Spain  62  38  50  50  Romania  82  18  56  44   Finland  53  47  54  46  Sweden  71  29  43  57   France  61  39  57  43  Slovenia  69  31  36  64   Hungary  46  54  61  39  Slovakia  31  69  49  51   Ireland  46  54  92  8  United Kingdom  71  29  81  19   Iceland  56  44  76  24 Source: Own calculations based on Boverket, MMR (2005); MIIR, FIHF (2007) and EURIMA, Ecofys (2005a) 2 There are more detailled models e.g. for Germany, which represent the nations residential buildings by about 20 representative buildings, based on building statistics and emprical results on their energetic quality. However, even for these modells data availability is a core problem. 3 Thermal quality of residential buildings
The thermal quality of a building defines its energy consumption. It mainly depends on the climatic conditions represented by the respective climate zone and heating degree days and the U-values of its surface components. Other aspects, like regional construction characteristics or energy demand for cooling, which depends on further factors, have not been taken into account in our model.
Climate zones
The most important indicator for the climate zones are heating degree days 5 and this value describes the typical energy useful demand to heat buildings. Therefore, the building stock of each country is assigned to one of three climate zones: Cold, Moderate and Warm and defined by Eurostat (2006) . The breakdown between these climate zones is listed below: In total about three-quarter of single family buildings and nearly two-third of multi family buildings exist in the moderate climate zone. 19 respectively 33 % of single and multi family buildings are located in the warm climate zone and only 5 % of single and multi family buildings belong to the cold climate zone.
Energetic Standard of residential buildings
The energetic standard (U-values) of the existing building stock have been estimated regarding the age classes: built before 1975 not refurbished and already refurbished buildings and buildings built between 1976 and 2004. Future buildings as well as refurbishments are characterized by their respective insulation standard:
• Building code 1 is comparable to currently best available standard;
• Building code 2 is a more advanced standard. It is assumed that the European Performance of Buildings Directive (EPBD) will promote the wide spread adoption of this standard in the EU;
• Building code 3 refers to low energy houses;
• Building code 4 is equivalent to passive houses.
5 Heating degree days are quantitative indices and result from national temperature observations. Over one year (typically) the differences between each day´s daily temperature and 18°C (or another reference temperature) are added. Above a temperature of 18°C, it is assumed not to need any heating (the current indoor temperature will be higher due to insulation of the building). 6 Long-term average (1980-2004) 7 In this climate zone energy needs for cooling play a significant role. They are not accounted for in the current version of our model. Table 3 gives an overview of the respective U-values of the building components for the different standards and climate zones. 
Source: Own calculations based on EURIMA, Ecofys (2005b); WI (2000); IWU (1994); ISIS
From the energetic standards presented in Table 3 we calculate the country specific energy demand for space heating per m 2 for each building type, as given in Figure 1 . The energy demand for heating is calculated using a static calculation model comparable to the Swiss norm SIA 380 (2009). For this calculation typical energetic characteristics, the specific geometry and size of the building types are taken into account. For the orientation of the building and its windows the shading from trees and neighbour buildings as well as the internal gains from inhabitants and appliances typical values are used. In this context a full compliance to the respective standard is assumed. The fact that not all refurbishments or new buildings meet the standards can be taken into account for in the definition of scenarios. Source: Own calculations based on a static thermodynamic simulation of typical buildings according to SIA 380 and based on climate specific heating degree days (see above), energetic standards of building components as given in Table 3 and the building geometry as given in Table 2 .
In order to reflect consumer habits, which differ from country to country and to improve the fitting with energy statistics the resulting values have been calibrated for all countries showing significant deviations by using data from Kemna et al (2007) , Odyssee and the DG TREN (2006) baseline scenario.
Technology costs for the improvement of the building shells
Refurbishment measures are carried out not only to save energy and emissions they also depend on the costeffectiveness. Jakob et al. (2002) show that building materials (e.g. windows) have become cheaper over the last decades in spite of significantly increasing energetic quality. They conclude that this effect will be relevant also for the future. Based on these findings we have estimated future cost reductions due to larger sales of advanced insulation components, improved skills and higher productivity of workers 8 etc. for every refurbishment measure. On average these lead to decreasing costs by about 15% over the period from 2004 to 2030.
Scenario Analysis
In order to be able to estimate the energy savings potentials and GHG emission reduction potentials of policies and measures regarding the building shell of residential buildings we have carried out a scenario analysis. The scenarios are based on 2004 which is the base year of our analysis due to the available data on building stock and last until 2030. Basic trends such as population development and future GDP of the analysed countries have been derived from the DG TREN (2006) baseline scenario. Regarding demographic trends such as declining household sizes and increased size of new dwellings a by country projection of the residential living space has been developed (see above).
The core strategies analysed in the scenarios are:
• Tightened building standards for new and renovated buildings. In different scenarios it has been assumed that this market conversion will be achieved by a mix of regulation (building codes) and fiscal and other incentives.
• Improved compliance to the standards, achieved by better control, increased awareness of building quality, information of investors and improved training of professionals in the building sector.
• Most important -increased refurbishment rates of the building shells of existing buildings. These need among others significant financial incentive structures in order to mobilise the necessary investment.
• And increased share of energetic improvements aligned with the renovation of buildings.
In order to reflect different social and economic backgrounds of the countries as well as their climatic conditions, four socio-economic country groups have been defined. These regions have been chosen because countries are linked to each other within the groups due to same climate zone and political background. Hence, it is assumed that these groups show comparable market situations with regards to the strategies analysed:
• Group North-Western Europe (NW) consists of the Middle and Western European countries Austria, Belgium, Germany, France, Ireland, Liechtenstein, Luxemburg, the Netherlands and United Kingdom and the Scandinavian countries (Sweden, Norway, Denmark, Iceland) and Finland. It is supposed that 1.2% of the building stock will be refurbished autonomously. This value will slightly increase by 2030. New building codes are reflecting the current standards (standard 1). In many countries of the group these building codes have already been introduced or introduction is planned.
• Southern Europe (South) consists of following countries: Greece, Spain, Italy, Portugal and Slovenia, as one of the New Member States of 2005, acceding the European Union. In contrast to North-Western Europe the autonomous refurbishment is estimated lower at 0.9% per year and the new building codes are assumed to be less strict.
• Based on these assumptions about the current and future trends in the residential buildings construction sectors of the MS an Autonomous Scenario as a baseline has been developed.
Autonomous Scenario
The following Figure 2 gives an overview of current refurbishment rates and possible future developments by socioeconomic regions. Current refurbishment rates of buildings are significantly below the rates that would be necessary to cope with regular reinvestment due to lifetimes of components, which are typically between 25 years for windows and 30 to 50 years for the façade, floors and the roof. In fact, current refurbishment rates are between 1.2% in (2004) have already identified that many barriers still exist, in order to prevent a more effective diffusion of more suitable energy efficiency technologies. One important barrier is the fact that not every refurbishment is done with appropriate quality. Expert opinions 9 about the compliance to building codes, relating to refurbishment measures as well as for new buildings have been used to model this effect. According to Warren (2008) and Hjorth (2008) , between 50% and 65% of all new homes fail to meet basic energy standards and the specific energy consumption per m 2 thus is higher than in buildings meeting the standard. Separate non-compliance factors of refurbished and new buildings were estimated and are taken into account by defining the specific energy consumption per m 2 for all four scenarios.
Scenario Technical Potential
The technical potential scenario has been developed to explore the potentials for energy savings in the residential building sector. It assumes a speeding up of the refurbishment rates up to a level assumed to mark the feasible maximum level together with 100% energetic renovation rates at high standards. Thus, a politically supported increase of renovation rates up to the maximum feasible level at about 4% per year is supposed, cp. . In North-Western Europe the market share of this standard will already reach 100% in 2020, whereas in New Member States 2007 and Croatia will reach a market share of about 85%, cp. Figure 5 . By 2025 almost every region has reached 100% passive houses in the market for new buildings, except the NMS07. 
Results
Resulting from the modelling of the before mentioned strategies with regards to the improvement of the building shell of residential buildings in the EU27 residential building stock, its future additions, the assumptions regarding the amount and effectiveness of refurbishments the following results have been derived for four scenarios:
• Autonomous Scenario (AS) (as described above);
• Low Policy Intensity (LPI); Here it is assumed that policies with a low intensity will be introduced and thus only a part of the additional potential refurbishments will be done and also the standards of the buildings will be improved slowly.
• High Policy Intensity (HPI); In this scenario a more active policy is assumed that is targeted at exploiting a significant share of the technical options.
• Technical Potential (TP) (as described above)
Figures 6 and 7 show the total numbers of the energy savings achievable by thermal improvement of the building shell of existing buildings as a combination of higher standards, better compliance and increased rates of energetic refurbishments and of the savings achievable by improved standards and compliance for new residential buildings. The following figure 8 shows the relative size of the technical potential. The useful energy demand of existing buildings will decrease already in the autonomous scenario, due to autonomous energetic improvements and partly demolishing of existing buildings. However the technical potential available would allow to reduce the useful energy demand to about two third of the current level by 2030. The break up by regions shows that the bulk of the potential lies in the NW region, which consists of "old" EU member states from the north and west of Europe. Figure 9 splits the potentials by country. It makes clear that in Germany, France and the UK almost 50% of the potential are located. The next three countries of high relevance in other climatic and/or socio-economic regions are Italy, Poland and Spain. They add up to another fourth of the total potential. Other South 3%
Source: Own calculations Figure 10 summarizes the economic results of the autonomous and the technical potential scenario. Achieving the huge potential of refurbishing over 80% of all existing residential buildings needs high investments, which amount to more than 250 billion Euro per year if the technical potential will be realized.
• This amounts to about 1% of GDP by 2010 and almost 2% of GDP by 2020 which are to be invested for refurbishing up to 4% of all existing buildings per year vs. the value of 0.4% of GDP which can be envisaged for the autonomous trend.
• However this investment is almost completely determined by the fact that the current and autonomous refurbishment rates of significantly less than 1% per year are to low to sustain the building stock. They thus have to be increased anyway.
• The share of additional costs to implement improved energetic standards such as low energy and passive house components is almost marginal. It only amounts to about 0.1% of GDP in 2020 plus the additional costs for improved new buildings which are less than 0.05% of GDP. This is supported by the results of Table 4 . The marginal costs for refurbishing buildings with a higher standard are very small as compared to the full costs of the measures. E.g. refurbishing outer walls in a moderate climate zone costs about 88 €/m 2 with standard 1 and 100 € or just 14% more with standard 3.
• Further, the additional costs to implement highest standards feasible are highly economic. The total additional investment in the Technical Potential Scenario is less than 300 bln € over the scenario period. The savings, however, amount to more than 1200 TWh. With average investment of less than 30 ct per kWh these investment will pay back in about three years at current costs of useful heating energy 
Conclusion
This paper is based on a differentiated bottom up modelling of the energetic characteristic of the building shells of the EU residential buildings which is a core determinant of their energy use. Other factors, however, like the efficiency of the heating systems, the specific GHG emitting characteristics of the energy carriers used as well as the energy consumption due to the need for ventilation and air conditioning in warmer climates have not been incorporated into this analysis. Due to a lack of data on details of the EU building stock and its physical qualities the results contain a significant uncertainty, particularly for country benchmarks.
In spite of these limitations our results clearly show that the improvement of the building shell of existing and new residential buildings in principle offers a huge potential for energy savings which amounts to roughly about 90 Mtoe by 2030 for the EU27. This enormous potential is located by more than two third in the already existing buildings. Achieving it would need a refurbishment of these buildings over the next 20 years to the best available insulation standards.
The scenarios presented here show that achieving this potential will need a combination of higher quality energetic refurbishments which could be instrumented by a strengthening of building codes and better implementation of those into construction business, and -probably most important -a significant ramp up of refurbishment rates.
The fact that the Western European Countries make up more than 50% of the saving potential, which have already altered their building codes in recent years and/or have already planned further strengthening in the future, shows that the first strategy element is already emerging. This, however, emphasises the relevance of the second, increasing of investment into refurbishing the building stock.
An accelerated refurbishment strategy clearly needs significant investment: The annual investment needed for the additional energetic improvement combined with refurbishments of all buildings is estimated here at about 0.15% of the GDP of the EU by 2020. This investment is highly economic with an estimated payback time of tree years and less. However, the overall investment for refurbishing the buildings itself is more than 10 times higher. The currently insufficient volume of reinvestment into maintenance and modernisation of residential buildings which is estimated at about 55 billion EURO per year had to be increased as a maximum by about five times in order to exploit the full potential and modernise about 80% of the residential buildings in the EU over the next 20 years. One example to achieve increasing modernisation rates are the German loan programmes for energetic refurbishments of existing buildings which have been constantly extended over the last decade. By these funds -98 mln € of funds and 5.5 bln € of low interest loans) in 2009 alone about 1.3% of the existing dwellings have been refurbished (KfW 2010) .
This shows that the full exploitation of the energy savings potentials from energetic refurbishment needs high investments, not so much for the insulation measures themselves, but particularly because more buildings are to be renovated than expected in the autonomous scenario. That's why this strategy is linked to a significantly accelerated building modernisation strategy for the EU. To instrument the accelerated modernisation seems to be a crucial strategy which has to complement the recently completed EPBD recast. Instruments could be targeted tax rebates and other subsidy programmes for building refurbishment combined with a stepwise introduction of minimum standards and/or market based instruments such as labelling schemes etc.
